[1] Auroral boundary algorithms for SuperDARN ionospheric convection observations are introduced. Both the equatorward boundary of scatter (EBS) and the convection reversal boundary (CRB) are found and compared with boundaries based on DMSP particle precipitation observations. These comparisons provide an intercalibration between the two schemes and insight into the relationship between disparate phenomena. The EBS is reliably poleward of the equatorward boundary of precipitation (EBP) at most local times but centers well on the equatorwardmost precipitation between 1600 and 2200 MLT when within 8°latitude of the radar station, indicating a correspondence with the SLERPS (slow long-lived E region plasma structures) of Jayachandran. Near dawn the EBS coincides better with the structured-unstructured boundary (SUB) than the EBP, as one might expect if the ionospheric irregularities responsible for this scatter were produced by the gradient-drift instability. The CRB correlates well with the open-closed boundary (OCB) as seen by DMSP. There is, however, an equatorward offset of the CRB relative to the OCB that varies from zero near noon to $1°near dawn and dusk and is largest near midnight. This offset is consistent with a small viscous-like interaction between the magnetosheath and the low-latitude boundary layer, resulting in a degree of antisunward flow on closed field lines. The offset decreases under the influence of southward interplanetary magnetic field, as one might expect if increased dayside merging interfered with this effect.
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Introduction
[2] Auroral particle precipitation and polar ionospheric convection are clearly related. The currents driving convection in the polar ionosphere are carried, in part, by the same magnetospheric particle populations that precipitate to form the aurora. The relationships between ionospheric precipitation and ionospheric convection/irregularities have been variously explored. Newell et al. [1991a] examined nine DMSP passes with clear low-level boundary layer (LLBL) particle signatures and found that in eight of the cases the convection reversal boundary (CRB) was within the LLBL on closed field lines. Greenwald et al. [2002] compared 36 DMSP passes with concurrent SuperDARN observations and found a rough correspondence between the equatorwardmost irregularities and particle energy fluxes and an association between the CRB and the poleward extent of particle energy flux. Jayachandran et al. [2002] studied 195 SuperDARN slow long-lived E region plasma structures (SLERPS) events and simultaneous DMSP particle observations and found good agreement between SLERPS' equatorward edge and b2i boundary crossings. Baker et al. [1995] found that in SuperDARN HF radars the cusp is characterized by wide complex Doppler power spectra, initiating the use of transitions in the spectral width as an indicator of the open-closed boundary (OCB) near noon. Chisham and Freeman [2003] improved the method by introducing a median filtering, and compared to DMSP particle boundaries on the nightside, finding good agreement with the OCB between 1800 MLT and 0200 MLT. Between 0200 MLT and 0800 MLT they find that an equatorward offset of the spectral width boundary relative to the OCB by 2°-4° that they interpret as being due to weak precipitation and low conductivity in the polewardmost oval at these local times.
[3] Two different schemes are compared here, with significant statistical weight. Both make use of automated algorithms for determining auroral boundaries. The first scheme consists of algorithms that use SuperDARN observations of ionospheric irregularities to find the equatorward boundary of scatter (EBS) and the convection reversal boundary (CRB). These algorithms are published here for the first time and will be described in some detail. The second scheme consists of a family of boundary and region identification algorithms for ionospheric precipitation observations made by the SSJ/4 detector on the DMSP series of spacecraft. These algorithms were first described by Newell et al. [1991b Newell et al. [ , 1996 , though they have evolved somewhat since their first description. (Most notably, the dayside region identifications no longer rely on a neural network but use explicit criteria [Newell et al., 1991a] .) Since the DMSP algorithms are described elsewhere, they will be discussed here only briefly. We will be examining two specific relationships: the first, the relationship between the EBS and the equatorward boundary of precipitation (EBP); and the second, the relationship between the CRB and the open-closed boundary (OCB).
[4] One thing to emphasize is that all instruments, data sets, and algorithms have limitations and failure modes that can only be minimized, not eliminated. Consequently, any one individual automatically determined boundary location needs to be taken with a grain of salt. En mass, of course, they carry great weight. One powerful method is correlative analysis where only coincident events (e.g., events within 5 min UT of each other) are compared with each other. Many such comparisons, taken together and viewed statistically, produce much more significant results than comparing the statistical properties of each kind of event (e.g., comparing average values for given IMF or Kp activity levels) or studying just a few coincident events. This study makes use of such correlative analyses. While outliers might be reduced by improved instrumentation, algorithms, or data coverage/handling, the central portion of a distribution can reveal relationships despite the presence of occasional anomalies.
Particle Precipitation Boundaries
[5] Automated boundary determination schemes for auroral particle precipitation have existed for some time. Boundary determination algorithms for optical [Donovan et al., 2003 ] and radar observations are also possible. Particle precipitation observations are the most sensitive, since precipitation can be detected at subvisual intensities and the available energy resolution can resolve ambiguities. They are used here to benchmark boundaries found in SuperDARN radar observations by the algorithms described in the next two sections.
[6] The DMSP spacecraft are in polar orbits at $840 km altitude and carry the SSJ/4 detector [Hardy et al., 1984] . The SSJ/4 measures downward fluxes of field-aligned (within $3°of vertical) ions and electrons from 30 eV to 30 keV in 19 channels, once per second. We make use of both dayside and nightside algorithms. The dayside analysis consists of region identifications (void, CPS, BPS, LLBL, OPLL (open-LLBL) , cusp mantle, polar rain [Newell et al., 1991a [Newell et al., , 1991b Newell and Meng, 1998 ]) from which we derive boundary information. Specifically, a transition from void to CPS, BPS, LLBL, OPLL, or cusp is marked as an equatorward boundary of precipitation (EBP), a CPS -BPS transition is marked as a structured-unstructured boundary (SUB) , and an open-closed transition as an open -closed boundary (OCB), where CPS, BPS, and LLBL are closed and OPLL, cusp mantle, polar rain, and void are open. The nightside analysis consists of a series of boundary identifications (b1e/i, b2e/i, b3a/b, b4s, b5e/i, b6, [Newell et al., 1996] ). For the EBP we will use the equatorwardmost of b1e and b2i, which are boundaries in low-energy electrons ($100 eV) and auroral energy ions ($10 keV) ions, respectively. For the OCB we use b6, the poleward extent of the main oval and also of any subvisual drizzle poleward thereof. The b4s boundary is used for the SUB.
Equatorward Boundary of Scatter, Algorithm, and Comparison
[7] SuperDARN is an array of HF coherent scatter radars . It receives echoes from smallscale density irregularities in the ionosphere from which the convection velocity and other properties can be deduced. The presence of irregularities is a necessary precondition for receiving echoes. Additionally, some radar signal must be propagating in a direction perpendicular to the magnetic field in the vicinity of the irregularities. It is difficult to know when this last condition is satisfied, since the signal propagation depends on refraction through unknown ionospheric density profiles so that a return echo indicates the presence of irregularities but the absence of an echo may not necessarily imply their absence. The propagation of HF signal in a realistic ionosphere has been modeled by Villain et al. [1984] .
[8] Our automated radar algorithms will be based on the SuperDARN project's grid files as defined by Ruohoniemi and Baker [1998] . Grid files contain a relatively processed form of data: ground scatter and meteor scatter have been removed and the data averaged to an altitude-adjusted corrected geomagnetic (AACGM) [Baker and Wing, 1989] latitude -longitude grid. The cells of the grid file measure approximately one degree MLAT on a side; consequently, there are fewer grid elements at a given latitude as the pole is approached. At the time of this work, grid files contained line-of-site velocity and an error estimation. SuperDARN radars scan every 1 -2 min and grid files are produced from either one or two scans every 2 min. We chose to take median velocities between five such consecutive grids, resulting in 10-min granularity. (Automated analyses frequently make use of various kinds of median filtering in order to reduce the impact of outlying data, whether due to various sources of noise or failures in data processing algorithms, observational techniques, etc.) Our comparison was conducted using just the Northern Hemisphere radars.
[9] The equatorward boundary of the auroral oval is approximated by the EBS, as seen by each individual SuperDARN radar. The general problem with locating such a boundary is that one is looking for a transition from the absence of a signal to its presence. It is difficult to be confident that the absence of signal is not simply due to a limitation of a method's ability to obtain a signal (instrument sensitivity, sensitivity of the technique, etc.). One might expect such an algorithm to sometimes identify a boundary that is poleward of the actual boundary location, thus providing an upper limit to the actual boundary latitude. In fact, we find this to be the case for the EBS under most conditions. Two possible strategies for dealing with such uncertainties are to determine conditions under which a boundary determination might reliably succeed and/or to consider the collection of simultaneous boundary limits at different local times together in order to extract a more definite result.
[10] Within the aforementioned grid files, a subset of the data is selected for each radar from within a poleward oriented window (see Figure 1) . The algorithm searches in latitude, from equatorward to poleward, within each window looking for a sharp transition from no scatter to robust scatter. Robust scatter is defined as scatter in at least five to eight grid locations (depending on the number of possible grid locations within the window at a given latitude) with a velocity exceeding 100 m/s. The details of this algorithm were optimized both by examining its behavior and by comparing with simultaneous DMSP particle boundaries. Only a few major optimizations are discussed here.
[11] The EBS determinations found using this algorithm were compared with simultaneous DMSP EBP determinations for the period 1994 to 2003. The universal time of DMSP's crossing of the EBP was required to fall within the radar boundary's 10-min data window and both boundaries were required to lie within 0.5 hours MLT of each other. EBS -EBP comparisons are made using two kinds of plots: first, scatterplots, characterized by a correlation coefficient and a least absolute deviation line; and second, histograms showing the number of events versus the relative latitude, characterized by an EBS-EBP offset and a standard deviation, obtained from a Gaussian fit.
[12] The first optimization performed was to remove from further consideration all boundaries from the Icelandic stations (IDs 8 and 9) and from the Finnish station at Hankasalmi (ID 10), since boundaries from these stations correlated less favorably with particle boundaries, for understandable reasons. For the Icelandic stations their high geomagnetic latitude puts the particle boundaries south of the radar's field of view much of the time, and for the Finnish station radio interference requirements imposed by Russia restrict its operating frequencies, limiting its ability to optimize for good scatter.
[13] The EBS-EBP comparison for the remaining stations is shown in Figure 2 separated into 2-hour local time bins. The nature of this comparison depends strongly on local time, though it is partially obscured by holes in DMSP's local time coverage of the Northern Hemisphere. Between 2200 and 0400 MLT as well as between 1200 and 1600 MLT the coverage was poor, and conclusions cannot be drawn there. Between 0400 and 1200 MLT the bulk of the radar boundaries lie poleward of simultaneous DMSP boundaries. Additionally, in this local time sector there is a better agreement with the SUB boundary than with the EBP. This is demonstrated in Figure 3 , where the EBS is compared to the EBP in the left-hand column and to the SUB on the right. It is clear from Figure 3 that the SUB lies much closer to the EBS than does the EBP, between 0400 MLT and 1000 MLT. The EBS between 0400 and 1200 MLT is consequently considered to provide only an upper limit on the latitude of the auroral oval's equatorward extent, and comparisons in this sector are not considered further. On the duskside the comparison was good between 1600 and 2200 MLT and best between 2000 and 2200 MLT.
[14] One can see from examination of the 1600 to 2200 MLT sector of Figure 2 that the radar boundary does not track the particle boundary for more northerly latitudes. When comparing as a function of the range from the radar to the scatter boundary, for ranges exceeding 6°-8°latitude, a poleward bias creeps in and becomes quite large once a range of 12°is exceeded. In this circumstance another radar station may well see scatter equatorward of the first station's boundary, indicating that the first station had missed the EBS. This behavior is likely due to the scatter from near the radar being from the E region, while F region scatter predominates at greater radar ranges. The likelihood of seeing F region scatter depends more on the details of the signal propagation (a function of radar frequency and the structure of the ionosphere) and so is less of a sure thing. In Figure 4 , E region scatter is selected (within 8°MLAT of the radar site) in just the favorable local time sectors; we find good agreement for the 1800 to 2200 MLT interval and a 2°e quatorward bias in the 1600 to 1800 MLT sector. Several instances where such equatorward bias was present were examined; most had small regions of 1 -10 keV ion precipitation detached from, and equatorward of, the main oval. The auroral boundary algorithms tend to ignore small detached regions, as they do not indicate the start of a contiguous region. Evidently, such small detached regions are endemic to this local time sector and are associated with the presence of ionospheric irregularities. This phenomenon may be associated with the subauroral dusk scatter of Ruohoniemi et al. [1988] and Hosokawa et al. [2001] .
[15] The various radar stations are located at different latitudes and are differently oriented. Figure 5 shows the EBS-EBP comparison separated by radar station. In this plot only the more favorable local times and only the E region scatter are included (same as in Figure 4 ). The (previously commented on) poor EBS-EBP correlation of stations 8, 9, and 10 is apparent. The latitude of stations 8 and 9 and the operating mode of station 10 are the only factors that we see clearly impacting the relative performance of the various stations.
[16] This examination of the relationship between the EBS and EBP has not spoken to all local times, but the 4 -6 hours showing good agreement are outnumbered by the 8 hours where this is not the case. For the remaining local time sectors the DMSP coverage is too thin for a reliable comparison. The number of EBS per radar scan varies greatly depending on conditions. It is not unusual to see one for each radar station, and it is not unusual to see only one or two for the entire network. Given that the majority of EBSs are considered to provide only an upper limit to the EBP, the shape of the equatorward boundary of the oval would probably be best estimated by scaling an average shape to just barely encompass the available EBSs. Sotirelis and Newell [2000] provides such average shapes for five different activity levels. The average shape of the oval's equatorward boundary changes slowly as a function of activity level, so an appropriate average shape needs to be selected. One might envision taking the smallest average shape that encloses all the available EBSs and scaling it down until the EBS that lies closet to it intersects the scaled shape. As long as there are enough EBSs, this should prove to be a fairly accurate approximation, since the shape of equatorward boundary varies much less from its average shape than does the poleward boundary [Sotirelis and Newell, 2000] . Thus one can envision constructing a viable approximation to the equatorward boundary of the auroral oval from the collection of observed EBSs.
Convection Reversal Boundary, Algorithm, and Comparison
[17] The CRB is compared to the OCB, a distinct but closely related boundary. The CRB and OCB would coincide if all closed field lines flowed sunward and all open field lines flowed antisunward, which is a good zero-order approximation. Various studies at both high and low altitudes have found evidence of some antisunward convection on closed field lines, near the OCB [Eastman and Hones, 1979; Mitchell et al., 1987; Phan et al., 1997; Newell et al., 1991a] . Thus one would expect the CRB and OCB to lie close to each other with the OCB slightly poleward. Figure 3 . Distributions of SuperDARN -DMSP latitude differences near dawn are shown, together with the widths and offsets given by Gaussian fits. In the left-hand column are EBS-EBP differences and in the right are EBS-structured-unstructured boundary (SUB) differences. Within this local time sector, from 0400 MLT to 1000 MLT, the EBS seems to match the SUB better than the EBP.
[18] The convection reversal boundary is detected by searching for a change in the ionospheric convection velocity with latitude, as measured by the SuperDARN network. The velocity measurements within the aforementioned grid files are examined in longitudinal swaths roughly eight grid elements wide. (These swaths are not radar station specific but merely fixed width MLT windows.) For each swath, a least squares fit velocity vector is calculated at each latitude up to 85°to available line-of-sight velocities. The line-of-sight velocities at each latitude and their direction angles are provided to the fitting routine, which returns a velocity vector (east and north components). Estimates of the uncertainty of each line-of-sight grid velocity are also available and are propagated though the calculation to provide standard deviations for the resulting east and north velocity components. There are several quality checks: the standard deviation of the eastward component of velocity must not be large, the eastward component of velocity must not be insignificant compared with the northward, the fit itself must avoid singularity, et cetera.
[19] CRBs are identified by examining all the successful velocity fits in a given longitudinal swath and looking for sign changes in the eastward velocity component. In order to count as a CRB there must be only one sign change in a swath and the gap it straddles must not exceed 3°latitude. Also, the sign change must be of the expected two-cell sense unless within 2 hours of noon or midnight, when either sense is accepted. CRBs within the polar cap (possible during northward IMF when lobe cells are sometimes present) are discouraged by the limit at 85°, the two-cell sense condition and the single CRB per swath condition. Additionally, since the fits are performed at fixed latitude to a constant velocity and only those that well approximate the inputs pass the quality tests, only large latitudinally structured reversals are included and features with local time structure are excluded. The number of CRB determinations in a single scan varies greatly depending on conditions and also on how one forms the local time swaths. In the current formulation there are frequently five or so and sometimes as many as ten to twelve.
[20] Figure 6 shows the CRB-OCB correlation as a function of MLT. The boundary correlation is best from 0600 to 2000 MLT, and suffers somewhat in the 2000 to 2200 MLT and 0400 to 0600 MLT intervals. The coverage and correlation in the 2200 to 2400 MLT interval is poor, and between 0000 and 0400 MLT the coverage is absent, and conclusions cannot be drawn there. It is not surprising that coverage and correlation deteriorate as midnight is approached, since more or less equatorward reconnection flows are present and a CRB might not be well defined. The somewhat poor performance in the 0400 to 0600 MLT interval is more puzzling. There are two factors that might contribute to this. First, the electric field is weaker in the dawn cell [Ahn et al., 1999; Ruohoniemi and Greenwald, 1996; Baker et al., 2004] and irregularity formation is thought to be driven by the electric field. Second, diffuse electron precipitation is harder near dawn than dusk [Sotirelis and Newell, 2000] , increasing the likelihood of absorption in the D and lower E regions, reducing radar return echoes near dawn. [21] One clear systematic behavior apparent in comparing the best fit lines to the x = y line in Figure 6 , and more clearly in Figure 7 , is that the offset between the OCB and the CRB is small near noon and grows as one progresses nightward to roughly 1°, with the OCB poleward of the CRB. Thus we find a small region of antisunward convection on closed flux tubes. This finding is in agreement with the previously cited papers [Eastman and Hones, 1979; Mitchell et al., 1987; Phan et al., 1997; Newell et al., 1991a] . well approximates the observations between À10 and 8 nT, where the observations are densely populated. The CRB-OCB offset is seen to decrease for southward IMF. Other IMF components did not seem to impact this offset, neither in whole nor when restricted to various local time sectors. The decrease in offset seen for increasingly southward IMF is not surprising, since the LLBL is thinner for southward IMF.
Discussion
[23] Automated analyses of auroral/ionospheric observations enable a host of applications that can make use of the significant statistical weight they make available, for correlative studies (such as we present here), superposed epoch studies, et cetera. Additionally, they permit diagnosis of the magnetosphere-ionosphere coupling that is mediated through the auroral region and can be a dominant driver of the ionosphere-thermosphere system. This study benchmarks auroral boundary estimates based on SuperDARN observations, relative to DMSP particle observations, and provides evidence regarding ionospheric irregularity production and the relationship between the CRB and the OCB.
[24] A comprehensive examination of the reliability of the EBS as a proxy for the EBP was completed. The only conditions under which the EBS was a reliable indicator of the EBP was for the case of E region scatter between 1600 and 2200 MLT. E region scatter in this local time sector was previously described by Jayachandran et al. [2000] , who gave it the name slow long-lived E region plasma structures (SLERPS). Jayachandran et al. [2002] found that SLERPS correlated well with the b2i boundary, which frequently coincides with the EBP in this local time sector. Under other conditions (i.e., at other local times and/or for F region scatter) the EBS is reliable only as an upper limit on the EBP latitude.
[25] Jayachandran et al. [2000] suspect that SLERPS are produced by the gradient-drift instability. This instability operates when a steep plasma gradient is aligned with the electric field. This is consistent with SLERPS local time preference, in that the electric field and the density gradient at equatorward edge of the auroral oval are aligned in the vicinity of dusk but are opposed near dawn. The hypothesis that the gradient-drift instability is a source of these ionospheric irregularities is also consistent with the finding that the EBS coincides better with the SUB than the EBP near dawn (Figure 3 ). This is because the auroral energy flux (and hence the ionospheric plasma density) frequently goes through a transition of the correct sense at the SUB near dawn. Apparently, for this reason, SuperDARN sees much less scatter in the diffuse auroral region near dawn than elsewhere.
[26] The convection reversal boundary was observed to correlate well with the open-closed boundary, as seen by DMSP in precipitating particles, away from midnight. Away from noon the CRB was offset equatorward from the OCB by roughly one degree. The interpretation of the CRB-OCB offset is that a viscous-like interaction with the magnetosheath results in a tailward motion of closed field lines. Tailward motion of closed LLBL field lines has been seen at high altitude [Eastman and Hones, 1979; Mitchell et al., 1987; Phan et al., 1997] and low altitude [Newell et al., 1991a] . This study lends statistical weight to this feature.
[27] The LLBL is characterized by a mixture of magnetosheath and magnetospheric particles. The mixing on closed field lines should be distinguished from that seen on open field lines in the LLBL. Open LLBL, usually seen close to noon, is distinguished by the presence of an ion population exhibiting the time of flight effects that indicate direct entry from the magnetosheath [Newell and Meng, 1998 ]. In the closed LLBL the ion distribution function is of different character. Entry mechanisms for magnetosheath particles onto closed field lines more typically seen in the flank LLBL are reviewed in the work of Newell and Meng [2003] .
[28] If the OCB-CRB offset seen here corresponds to antisunward motion on closed LLBL field lines, then the offset would be expected to be largest on the flanks where the LLBL is thickest, which agrees with our result. Additionally, one would expect the offset to narrow for southward IMF when the LLBL is observed to be narrower; this effect is also seen here.
[29] By benchmarking SuperDARN auroral boundary estimates relative to DMSP particle boundaries, Super-DARN based estimates of auroral conditions are enabled. 
